Cord blood (CB) hematopoietic stem cell transplantation can be successful even if donor and recipient are not fully matched for human leukocyte antigens (HLA). This may result from toleranceinducing events during pregnancy but to date this concept has not been tested in CB transplantation. Hence we analyzed the impact of fetal exposure to noninherited maternal antigens (NIMA) of the HLA-A, -B antigens, or -DRB1 alleles on the outcome of CB transplants. The 1,121 patients studied were transplanted for hematological malignancy with a single CB unit: 1,059 received grafts mismatched for one or two HLA antigens. Of these patients, 79 patients had a mismatched antigen that was identical to a donor NIMA, 25 with one HLA mismatch (MM), and 54 with two. If there was a NIMA match, transplant-related mortality (TRM) was improved, especially in patients >10 years (P ‫؍‬ 0.012) as were overall mortality and treatment failure (P ‫؍‬ 0.022 and 0.020, respectively, in the older subset), perhaps related to improved neutrophil recovery, especially in patients who received a low total nucleated cell (TNC) dose (P ‫؍‬ 0.031). Posttransplant relapse rate also tended to be reduced, especially in patients with myelogenous malignancies given units with a single HLA mismatch (P ‫؍‬ 0.074). These findings represent unique evidence that donor exposure to NIMA can improve survival in unrelated CB transplantation and might reduce relapse, indicating that cord blood cells can mount an antileukemic effect. By matching for donor NIMAs in search algorithms of CB inventories, the probability of selecting a graft with an optimal outcome will increase significantly.
D
espite initial scepticism, cord blood (CB) has become a widely accepted source of hematopoietic stem cells (HSC) for transplantation and, thus, accounted for 22% of the unrelated HSC transplants worldwide in 2007 (www.worldmarrow.org). This is not surprising because CB grafts offer many advantages such as almost immediate access, no risk to the donor, better representation of ethnic diversity, and, above all, less stringent requirements for HLA matching of donor and recipient, while the results can be similar (or even better in case of fully matched CB grafts) to those obtained with adult donors (1) (2) (3) (4) (5) . Despite these advantages, CB transplantation has not yet been universally accepted, because of three important limitations: delayed engraftment, the small size of the current inventory of available CB units (just over 380,000) as compared to 13 million marrow donor volunteers (www.BMDW.org), and the inability to perform donor lymphocyte infusion (DLI) when a leukemic relapse occurs after transplantation.
Even with less stringent HLA matching requirements, selection of CB grafts remains a challenge because of our inability to predict which HLA mismatches (MM) will and which will not jeopardize patient survival. An obvious area to explore is whether in utero exposure to noninherited maternal antigens (NIMA), as a result of two-way traffic of cells and molecules such as soluble HLA antigens between mother and fetus during pregnancy and consequent development of immunity and tolerance, may affect graft responses to recipient HLA (6) (7) (8) (9) (10) (11) (12) . We hypothesized that CB grafts with a NIMA match to the patient's mismatched antigen might have improved outcomes and, therefore, might guide us in selecting mismatched donors.
A large database is needed in retrospective studies to explore possible effects of NIMAs because informative donor-recipient pairs (i.e., ones in which the mismatched antigen in the recipient is identical to the respective NIMA antigen of the cord blood) were not selected a priori but occurred only by chance. The New York Blood Center (NYBC) National Cord Blood program has accumulated a sufficiently large database of transplanted CB units with the HLA typing of their respective donor mothers to provide data for initial answers to the above question. We, therefore, analyzed the outcomes of the 1,121 patients transplanted with a single NYBC CB for hematological malignancies, including myelodysplasia (MDS). Our primary study end point was transplant-related mortality (TRM) with secondary end points of neutrophil and platelet engraftment, acute and chronic graft vs. host disease (GVHD), relapse, overall mortality and treatment failure [relapse or death, the inverse of disease-free survival (DFS)]. Although the number of patients with a NIMA match analyzed is small, the results already suggest that, for patients who can find only mismatched CB units, choosing a CB unit with a NIMA identical to their own mismatched antigen(s) will improve outcome.
Results
Almost half of the patients in this study had a non-Caucasian background, 29% were 16 years of age or older, 22% suffered from advanced stage acute lymphoblastic leukemia (ALL), acute myeloid leukemia (AML), or chronic myeloid leukemia (CML) (see Table S1 ). Most received myeloablative conditioning (78% of which was total body irradiation or busulfan based) and nearly all received a calcineurin inhibitor for GVHD prophylaxis. A total of 62 recipients received CB units that were HLA matched (6%). Among the 1,059 patients with mismatched grafts, 79 (7%) received a mismatched unit that had a NIMA that was identical to a mismatched antigen of the recipient. The latter are referred to as ''NIMA matched transplants'' (NMTs). The remaining 980 mismatched grafts had no NIMA match because either the Author contributions: J.J.v.R. and C.E.S. designed research; C. Carrier, C. Carpenter, and A.S. performed research; C. Carrier and C. Carpenter contributed new reagents/analytic tools; C.E.S. and J.S. analyzed data; and J.J.v.R., C.E.S., and A.S. wrote the paper.
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NIMA was not identical to the patient's mismatched antigen (the majority of cases) or the patient or donor mother was homozygous at the mismatched locus (see Table S2 ). Together these are referred to as ''no NIMA match transplants'' (no-NMTs). Except for a higher proportion of high risk leukemia in NMTs with 2 HLA mismatches (P ϭ 0.038), NMTs did not differ from the no-NMT group at the same HLA mismatch level in patient, treatment, or graft characteristics (Table S1 ). There were no significant differences between recipients of units with zero or one HLA mismatch, but recipients with two HLA mismatches were more likely to be older, have African ancestry, high risk leukemia, and to have received a lower TNC dose.
Relative risk comparisons for outcome end points are shown in Table 1 , separately for pairs with zero or one HLA MM, with two HLA mismatches and pooling all cases together. The 3-year cumulative probability of TRM was 46% and was lower in NMT pairs than in the no-NMT pairs (P ϭ 0.034), was especially apparent in patients 10 years of age or older (P ϭ 0.012), and tended to have a lower relative risk among those that had one HLA mismatch (Table 1 and Fig. 1 ). Risks of overall mortality and treatment failure also were reduced, more prominently in the older patients (P ϭ 0.022 and 0.020, respectively, Table 1 ). The cumulative probability of myeloid engraftment was 74%. NMTs engrafted faster than no-NMTs and almost as fast as the zero mismatched pairs, especially when unit TNC dose was low (Ͻ2.5 ϫ 10 7 /kg) ( Table 1 and Fig. 2 ). The NIMA association with engraftment was seen in both patients whose grafts had one HLA mismatch and in those that had two. Platelet recovery was not associated with a NIMA match (see Table S3 ). Among patients who engrafted, the cumulative incidence of grade 2-4 acute GVHD was 46% (25% for grade 3-4) and, among engrafted patients who survived beyond day 100, the cumulative incidence of chronic GVHD was 34%. Acute and chronic GVHD incidence tended to be lower in NMTs but the difference was not significant (Table S3) .
The 3-year cumulative incidence of relapse was 22% and was associated with diagnosis and stage of disease at transplant (Table S3) . Relapse rate tended to be lower in NMTs than in no-NMT among patients with myeloid malignancies, especially in those with one HLA mismatch (P ϭ 0.074) and was lower than that of the zero mismatched donor recipient pairs, although these differences were not significant (Table 1 and Fig. 3 ).
Discussion
This is a unique study that demonstrates in unrelated CB HSC transplantation that matching for the donor's NIMA can improve outcome and possibly lower the risk of leukemic relapse. The identification of the NMTs in this study was done after the transplants had been performed. Hence, NIMA matching was not used in donor selection and, consequently, our number of NIMA matches is low. However, availability of HLA typing of CB unit mothers would permit the preferential selection of NIMA matched grafts (as we plan to do) and should rapidly increase the number of NMT cases available to extend and confirm or refute the results of our study.
In general, NIMA match effects were more apparent in patients who were predicted to have a worse outcome and were seen in both one and two HLA mismatches, although tending to be stronger in those with one mismatch (Table 1) . Thus, transplant-related mortality was reduced in NMT recipients, most significantly in older patients. While this study did not establish the mechanism, improved TRM in NMT may be related to improved engraftment seen in these recipients, especially in those whose CB unit had a TNC dose of Ͻ2.5 ϫ 10 7 /kg (91% of whom were also in the older age group). As a consequence of improved engraftment and TRM, overall mortality and treatment failure were reduced for NMT recipients.
The incidence of severe acute and chronic GVHD in our CB recipients was similar to rates reported in other series (3-5) but was not significantly associated with matching for NIMA. This observation is apparently discrepant with the findings of previous studies of NIMA matched haploidentical sibling HSC transplants that exhibited reduced acute and chronic GVHD (12, 13) and reports that reduced relapse (see next paragraph) is the fringe benefit of increased GVHD (5, 14) . However, our CB cases are not comparable to the sibling transplants for the following reasons: Haploidentical sibling donors share a complete haplotype down to the allele level, facilitating MHC restriction, in contrast to unrelated CB grafts that are only phenotypically matched to the recipient (with only DRB1 matched to the allele level). Similarly, the NIMA is only phenotypically matched to the patient's antigen in CB transplants, but genotypically matched in the sibling-to-sibling transplants because donor and recipient share the same mother. Furthermore, the two mismatches in the sibling transplants were both NIMA matches, whereas in the 54 CB cases only 1 had two NIMA matches. Additionally, it has been shown recently that regulatory T cells are more numerous and more easily upregulated in CB (9)-hence the lower overall incidence of GVHD after CB transplantation-whereas such T cells are fewer in the adult donors. Further monitoring of anti-NIMA immunity and regulator T cell activity pre-and posttransplant is needed to evaluate these possibilities in CB transplantation. Chronic GVHD can be a serious problem in NIMA mismatched haploidentical-related transplantation (15), but was not increased in our NMT CB recipients.
One of the most intriguing findings in our study was the low rate of relapse in NMT pairs, a difference that approached significance compared with no-NMTs in patients with myeloid leukemia or MDS who had one HLA mismatch, suggesting that anti-NIMA immunity might exist or was upregulated after reexposure to the recipient mismatched antigen. This finding might be similar to the observation that after haploidentical sibling NIMA mismatched renal transplantation early acute rejection crises were significantly increased as compared to similar, but noninherited paternal antigen mismatched, renal grafts (16) , and it is supported further by in vitro findings discussed below. While these data need to be confirmed, it might be appropriate to select HLA mismatched CB grafts with a NIMA match preferentially for their antileukemic effect. Whether infusion of NIMA matched CB units could also be used for treatment of posttransplant relapse to obtain an effect similar to that of DLI might also merit investigation (17) .
In cadaveric renal transplantation of patients in whom the NIMA was known, donor HLA-A mismatches that were identical to the recipient's HLA-A NIMA had also improved graft survival (18). We did not see an association between engraftment or survival end points and a specific NIMA matched locus in our own study. However, the number of patients in each subset was small. The authors recognize that the patients studied form a heterogeneous group, in diagnosis, stage of disease, treatment, and age. Nevertheless, these preliminary results indicate that matching for cord blood NIMA could improve disease-free survival and may reduce leukemic relapse in patients suffering from hematological malignancy. Obviously, the precise molecular and cellular mechanisms remain unclear from this clinical study. The reduced relapse risk could indicate that the fetus develops not only regulatory T cells but also modified CD4 ϩ T cells that through the perforin pathway exert a ''relapse reducing'' effect, as suggested by preclinical studies (19) . This concept gets further support from CB studies. Mommaes et al. observed that in man CD8 ϩ anti-minor histocompatibility antigens (mHA) HA-1 cytotoxic T lymphocytes (CTL) identified in some cord blood samples can be isolated, boosted with phytohemaglutinin, and are capable of lysing mHA HA-1 positive target cells in vitro (20) . Such CD8 ϩ anti-mHA-1 CTLs have been shown to be boosted after DLI and might be essential in inducing a remission in patients with a leukemic relapse (21) . Coexisting mHA-specific CD8-expressing regulatory T cells and CTL were described both in the nonphysiological setting of renal allograft tolerance (22) and in the physiological setting of pregnancy (23) . Hence these, and recently described CD4 ϩ regulatory T cells, which are induced during human pregnancy (9) , are a logical area for further exploration and might be the explanation for the observation of reduced relapse without increased GVHD.
Many questions remain unanswered. Further studies are needed to assess more fully the benefit in grafts with two mismatches, those with either a single or two NIMA matches. The effect in double unit transplants would also be of interest as might be the impact of high resolution typing for HLA-A, -B, and matching for HLA-C, -DQ, and perhaps even -DP on the outcome of NMT. Likewise, the quantitative and qualitative aspects of microchimaerism (24) , the effect of matching for NK ligands and NK alloimmunity should be assessed (25, 26) and the effect of homozygosity at one or more loci HLA-A, -B, and -DRB1 A2  B7  B65  DR0102  DR1501  VP2:  A1  A24  B7  B65  DR0102  DR1501  VP3:  A2  A24  B7  B57  DR0102  DR1501  VP4:  A2  A24  B57  B65  DR0102  DR1501  VP5:  A2  A24  B7  B65  DR0102  DR1305  VP6:  A2  A24  B7  B65 DR1305 DR1501
Virtual phenotypes with two substitutions VP7:
The virtual phenotypes (VP) are those that are created by substitution of one or more maternal NIMAs for antigens at each respective locus of the cord blood unit's HLA haplotype. Thus, a patient whose HLA-A, -B, and -DRB1 type corresponds to VP1, for example, would have one HLA mismatch to this cord blood (CB) unit and a match to the CB donor's NIMA at the A locus. Maternal NIMAs are identified in bold. van of the patient or CB unit and their effect in the NMT. In addition, this study did not include patients with diseases other than hematological malignancies. Although much work lies ahead, our findings justify changing the match algorithm for CB transplants to identify NIMA matches as part of the CB unit selection process so that we can provide patients with ''permissive'' HLA mismatched but NIMA matched grafts predicted from this study to have an improved outcome. Such mismatched units might be chosen preferentially over other similar units, especially because there are no apparent adverse effects associated with NIMA matching. To illustrate the potential impact, Table 2 gives an example of the phenotypes (what we will call ''virtual phenotypes'') for a CB unit based on substitutions of donor antigens for NIMAs at the HLA-A, -B, and -DRB1 loci. For a unit and mother with six identified antigens at these three loci, a single substitution produces six new virtual phenotypes, increasing the number of optimal CB units sixfold. Allowing for two NIMA substitutions for grafts with two HLA mismatches would increase these units by up to 18-fold. In practice, the actual increase will be lower because of duplicates or cases when mother and donor share the same antigens at a given locus or the patient or donor mother is homozygous. Even in the case of one HLA mismatch, however, the proposed strategy for CB unit selection might well resolve the problem of the small size of the presently available CB inventory. A 6-fold increase in the probability of finding an optimal unit (i.e., HLA-matched or one HLA mismatch with a NIMA match), for example, would be equivalent to expanding the effective current world inventory to over 2 million units.
Materials and Methods
Patients. Consecutive patients with hematological malignancy who were transplanted with a single CB unit from the NYBC National Cord Blood program between 1993 and 2006 were eligible for this study (n ϭ 1,407). Recipients of grafts with three or four HLA antigen mismatches were excluded because of small numbers (85 and 5, respectively) and the fact that such units are now rarely selected as CB inventories have grown. Additionally, 7 patients were excluded because of inadequate HLA typing and 49 had no HLA typing of the donor mother. Patients signed an informed consent for CB transplantation at the respective transplant centers; the NYBC program operates under an investigational new drug exemption from the U.S. Food and Drug Administration.
Transplant centers provided data on patient demographics, diagnosis, and stage of disease at the time of transplant, conditioning regimen, prophylaxis for GVHD, and posttransplant events. Transplant and follow-up reports were reviewed for completeness and consistency by one of the coauthors (A.S.). Outcome data included information on myeloid and platelet engraftment, tests for donor chimerism, occurrence and severity of acute and chronic GVHD, relapse, survival, and causes of death. Of 1,261 eligible patients, 1,121 (89%) have had outcome data reported. Among survivors, median follow-up was 27 months. Patients with ALL, AML, or CML were classified as low, intermediate, or high risk using International Bone Marrow Transplant Registry criteria.
Cord Blood Units. Methods for collecting, testing, processing, freezing, and storage of cord blood units have been described in detail previously (1, 2) . Mothers signed institutional review board-approved informed consent to donate their babies' cord blood to the NYBC program.
Assignment of Patient-Donor Match Level and NIMA Match. CB units and donor mothers were typed for HLA-A, -B, and -DRB1 using serological and DNA methods. CB units were selected on the basis of TNC dose and HLA match. Match grades for HLA-A and -B were assigned at low-intermediate resolution level (antigen level) and for DRB1 at high resolution (allele level) and were expressed as 0, 1, or 2 antigen mismatched. Among patient/donor pairs that were HLA mismatched, we evaluated whether the patient's mismatched antigen(s) matched that of the donor's NIMA at the mismatched loci. Table 2 shows the HLA typing of a CB unit and the donor mother for one of our study cases (see Table S2 for additional examples).
When the NIMA at one or more loci matched to the patient's mismatched antigen, the case was assigned to the NMT group. There were a total of 79 cases with a NIMA match: 25 among patient-donor pairs with a single HLA mismatch and 54 with 2 mismatches (53 with a single NIMA match and 1 with 2 NIMA matches). In the case shown in Table 2 , the patient's HLA type was the same as the second virtual phenotype (VP2). When the patient's mismatched locus was homozygous (88 of 1,597 mismatched loci), the pair was considered not to have a NIMA match because there was no patient antigen for the NIMA to match to. These cases were included in the no-NMT group. Similarly, when the mother was homozygous at the mismatched locus (170 of 1,597), the pair was categorized as no-NMT.
Transplant Outcome End Points. Definitions of study end points followed standard conventions (2) (3) (4) (5) . Time to myeloid engraftment was defined as the first of 3 consecutive days of absolute neutrophil cell count of 500/L (ANC 500) of donor-derived cells; analyses were limited to the first 77 days posttransplant. Analyses of acute GVHD were based on those reported as grade 2-4 (transplant center assessment) and of chronic GVHD combining limited or extensive disease. If no date for onset of acute GVHD was provided, the average reported time (28 days) was assigned (n ϭ 94). Onset of chronic GVHD was assigned to day 100 posttransplant if no date was provided. The probability and risk of acute GVHD was assessed only in patients who engrafted and of chronic GVHD only in those who engrafted and survived to day 100 posttransplant. TRM was defined as any death after transplant while the patient was in remission. Overall mortality was based on deaths from all causes. Treatment failure was defined as death or relapse, whichever came first, and was the inverse of disease-free survival.
Data Analysis and Statistical Methods. Differences between categorical variables were estimated by 2 or Fisher's exact test (two-tailed) and between means by Student's t test. The probabilities of death and treatment failure were calculated by the Kaplan-Meier method. For other end points that had competing outcomes, event-specific hazard functions and free-from-event survival rates were calculated to obtain event-specific cumulative incidence rates (27) . For myeloid and platelet engraftment, death was the competing event. For GVHD and relapse, the competing outcomes were graft failure (documented autologous reconstitution or subsequent transplant following CB graft failure) or death, whichever came first. Relapse was the competing outcome for TRM and death was the competing outcome for relapse. The Cox proportional hazard model was used to estimate relative risks of outcome end points in uni-and multivariate analyses (28) . Initial multivariate models included variables already reported as associated with outcome of cord blood transplantation (patient age, sex, ethnicity, diagnosis, stage of ALL, AML, and CML, prior transplantation, conditioning regimen, GVHD prophylaxis, year of transplantation, and transplant center experience, as well as CB unit HLA match and total nucleated cell dose per kilogram of patient weight). To account for possible effects of transplant center experience with CB transplantation, U.S. centers that had given Ն50 patients cord blood units from our program were grouped together for comparison with patients transplanted in other U.S. and non-U.S. centers. We performed subset analyses on the basis of myelogenous and nonmyelogenous diseases because of reported stronger graft vs. leukemia effects in myelogenous malignancies. We also performed analyses on subsets predicted to have a worse outcome (i.e., donor/recipient pairs with low TNC dose and older patients), reasoning that potential benefits, if any, should be most apparent in these patients. High risk TNC (Ͻ2.5 ϫ 10 7 /kg) and age (Ն10 years) categories were established by dividing the study population into 10 equal groups and identifying the cut point for engraftment and survival end points, respectively. A stepwise backward regression model was applied on the whole data set, where only variables of interest (HLA and NIMA match) were forced to remain in the model.
